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Rapid reversal of impaired inhibitory and excitatory
transmission but not spine dysgenesis in a mouse model
of mental retardation
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Non-technical summary Intellectual disability has long been attributed at the cellular level to
abnormalities in the structures that receive incoming connections to the major classes of neurons
in the brain. These misshaped ‘dendrites’ and especially misshaped ‘dendritic spines’ have been
found in many types of intellectual disability. We have used a mouse model of one of the human
intellectual disability mutations on a gene on the X-chromosome called Ophn-1. We show that, in
addition to the misshaped dendritic spines, these mice have abnormal physiology in the inability
of both excitatory and inhibitory inputs (‘synapses’) to operate repetitively as they need to in
many aspects of normal brain function. A drug known as a Rho-GAP inhibitor was able to
reverse the physiological impairment within 20 min, without changing the structure of dendrites
or dendritic spines. This class of drug may have a role in limiting disability in this condition.

Abstract Intellectual disability affects 2–3% of the population: those due to mutations of the
X-chromosome are a major cause of moderate to severe cases (1.8/1000 males). Established
theories ascribe the cellular aetiology of intellectual disability to malformations of dendritic
spines. Recent work has identified changes in synaptic physiology in some experimental models.
Here, we investigated the pathophysiology of a mouse model of intellectual disability using electro-
physiological recordings combined with confocal imaging of dentate gyrus granule neurons. Lack
of oligophrenin-1 resulted in reductions in dendritic tree complexity and mature dendritic spine
density and in evoked and spontaneous EPSCs and IPSCs. In the case of inhibitory transmission,
the physiological change was associated with a reduction in the readily releasable pool and vesicle
recycling which impaired the efficiency of inhibitory synaptic transmission. Acute inhibition
of the downstream signalling pathway of oligophrenin-1 fully reversed the functional changes
in synaptic transmission but not the dendritic abnormalities. The impaired inhibitory (as well
as excitatory) synaptic transmission at frequencies associated with cognitive function suggests
a cellular mechanism for the intellectual disability, because cortical oscillations associated with
cognition normally depend on inhibitory neurons firing on every cycle.
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Introduction

The X-linked mental retardation (XLMR) disorders
are a group of single gene mutations which lead to
moderate to severe, non-specific intellectual disability
(Chelly et al. 2006). While the molecular consequences
of these mutations are increasingly well understood,
how their physiological consequences result in cognitive
impairment remains far from clear. A common feature
of mental retardation disorders is abnormal dendritic
structure, particularly of dendritic spines (Huttenlocher,
1970; Purpura, 1974), which are the principal site
for glutamatergic neurotransmission within the brain
(Harris & Kater, 1994). Several of the >82 genes
implicated in XLMR encode proteins that control activity
of Rho-GTPase signalling pathways, which are major
regulators of neuronal morphology and development
(Govek et al. 2004; Chiurazzi et al. 2008; Linseman &
Loucks, 2008).

Mutations of OPHN-1 cause an XLMR; the gene
encodes oligophrenin-1, a protein with a Rho-GAP
domain known to negatively regulate RhoA, Rac and
Cdc42 (Billuart et al. 1998; Fauchereau et al. 2003). Loss
of oligophrenin-1 expression results in intellectual and
learning disabilities in humans (Billuart et al. 1998) and
learning impairments in mice (Khelfaoui et al. 2007).
Reduced expression of oligophrenin-1 has been reported
to cause distinct deficits in spine morphology and density
(Govek et al. 2004; Khelfaoui et al. 2007), long term
depression of synaptic transmission in hippocampal slices
(Khelfaoui et al. 2009) and synaptic vesicle endocytosis in
culture (Nakano-Kobayashi et al. 2009).

Perhaps as a result of a long standing association of
mental retardation with dendritic spine abnormalities,
the majority of studies on the pathophysiology of
oligophrenin-1 dysfunction have focused on the role of
excitatory neurotransmission. Inhibitory synapses form
a fundamental component of the neuronal networks
necessary for higher cognitive function, in particular the
cortical oscillations and rhythmogenesis implicated in
cognitive function, which require intact repetitive phasic
inhibition (Bartos et al. 2007). GABAergic synapses do not
form on dendritic spines (Wierenga et al. 2008), which
means that spine dysgenesis is not likely to impact on
inhibitory neurotransmission.

To gain a better understanding of the role of
oligophrenin-1 in normal brain function and how its
loss of function could lead to intellectual disability,
we examined synaptic transmission and dendritic
morphology from identified granule neurons in the
dentate gyrus of the Ophn-1−/y mouse hippocampus. We
found abnormal excitatory synaptic transmission in acute
brain slices in vitro, consistent with a previous report in
culture (Nadif Kasri et al. 2009). In contrast with the pre-
vious report, inhibitory synaptic transmission was also

reduced, and resulted from a substantial decrease in the
readily releasable pool (RRP) of synaptic vesicles and a
slowing of vesicle recruitment after RRP depletion. The
impaired synaptic transmission was paralleled by altered
dendritic morphology, including a reduced density of
mature dendritic spines in the same neurons. Synaptic
function, but not the altered dendritic morphology, was
rescued by small molecule pharmacological inhibition of
the downstream signalling pathway of oligophrenin-1.

Methods

Ophn-1−/y mice and wild-type littermates were generated
by breeding heterozygote females (Ophn-1+/−) with
wild-type males (Ophn-1+/y), resulting in ∼50:50
Ophn-1+/y:Ophn-1−/y. Breeding and experiments were
performed under regulation by the Animals (Scientific
Procedures) Act 1986 of the UK, and approved by
institutional ethical review. Experiments and analysis were
performed blind to genotype.

Horizontal hippocampal slices (300 μm thick) were
prepared from Ophn-1+/y and Ophn-1−/y age-matched
mice (3–8 weeks old) anaesthetised by intraperitoneal
injection of medetomidine (1 mg kg−1) and ketamine
(76 mg kg−1). Animals were intracardiacally perfused
with ∼5 ml of ice-cold cutting solution comprising
(mM): 189 sucrose, 26 NaHCO3, 1.2 NaH2PO4, 2.5
KCl, 0.1 CaCl2, 5 MgCl2 and 10 glucose (flow rate
∼2.7 ml min−1). Slices were cut using an Integraslice
(Campden Instruments, Loughborough, UK) and stored
at room temperature in an interface chamber containing
95% O2–5% CO2-oxygenated artificial cerebrospinal fluid
(aCSF; in mM: 135 NaCl, 16 NaHCO3, 1.25 NaH2PO4,
3 KCl, 2 CaCl2, 1 MgCl2 and 10 glucose, pH 7.4). Slices
were submerged in a recording chamber, and perfused
at 4–5 ml min−1 with warm (29–31◦C) aCSF, oxygenated
with 95% O2–5% CO2. Slices equilibrated for >10 min
before recording, and were changed after ∼1 h.

Electrophysiology

Whole-cell patch-clamp recordings were made from
dentate gyrus granule cell somata using infrared DIC
(Olympus BX-51 upright microscope, fluorplan 40×,
0.8 NA water immersion lens; Micro Instruments, Long
Hanborough, UK). Granule cells were recorded from the
outer third of the cell layer in the lateral blade of the dentate
gyrus. Patch electrodes were pulled from borosilicate
glass (O.D. 1.2 mm, I.D. 0.69 mm; Harvard Apparatus,
Edenbridge, UK) using a P-97 puller (Sutter, Novato,
CA, USA). To investigate the basic properties of granule
neurons, the intracellular solution comprised (mM): 140
KCH3SO4, 8 NaCl, 10 Hepes, 2 Mg-ATP and 0.3 Na-GTP;
pH 7.3 with KOH (osmolarity ∼285 mosmol l−1). Alexa
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488 (100 μM) was added to the intracellular solution for
visualization of dendrites. For IPSC studies, intracellular
solution comprised (in mM); 135 CsCl, 2 MgCl2, 10 Hepes,
1 EGTA, 2 Mg-ATP and 0.3 Na-GTP; pH adjusted to 7.3
with KOH (osmolarity ∼285 mosmol l−1); this shifted the
reversal potential to 0 mV, resulting in inward IPSCs at
–70 mV. Synaptic currents using this electrode solution
were confirmed as IPSCs by their abolition by 10 μM

bicuculline (not shown). Evoked postsynaptic currents
were generated using a stimulating electrode placed in
the inner molecular layer ∼50 μm from the recording
site. For EPSC studies, intracellular solution comprised
(in mM): 135 CsCH3SO4, 8 NaCl, 10 Hepes, 5 QX-314, 2
Mg-ATP and 0.3 Na-GTP; pH 7.3 with KOH (osmolarity
∼285 mosmol l−1). EPSCs were recorded at –75 mV to
avoid contamination by IPSCs (reversal potential of
IPSCs) and were confirmed as EPSCs by their abolition
by 20 μM NBQX and 25 μM D-APV (not shown). Patch
electrodes typically had resistances of 4–7 M�. Membrane
potentials and currents were recorded using an NPI
SEC-10L amplifier (Scientifica, Harpenden, UK), low-pass
Bessel filtered at 1 kHz (NL-125, Digitimer Ltd, Welwyn
Garden City, UK) and digitized at 10 kHz by a Power
1401 (CED Ltd, Cambridge, UK). Stimulation and data
acquisition were controlled using Signal software (v. 3;
CED).

Peak-scaled variance analysis

Miniature IPSCs were isolated by addition of tetrodotoxin
(1 μM) to the aCSF. Variance analysis of miniature IPSCs
was performed as described previously (Traynelis et al.
1993) using MiniAnalysis (version 6.0.3, Synaptosoft,
Decatur, GA, USA). Criteria for recordings to be included
for analysis were the lack of fluctuation of holding
current, stability of decay time constant (τ) throughout
the recording and lack of correlation between τ and peak
amplitude. We analysed 79–187 events per recording;
care was to taken to ensure that miniature IPSCs with
anomalous noise or double peaks were rejected (see
Fig. 4Ba). Events were classed as double peaks if they
occurred within 3 times the decay time constant (typically
15 ms).

To isolate current fluctuations associated with random
channel gating from those occurring due to quantal
content or number of postsynaptic receptors, the mean
waveform was scaled to the peak of each mini-
ature IPSC and subtracted (Traynelis et al. 1993). The
current–variance relationship for the decay of the mini-
ature IPSCs was calculated by dividing the decaying phase
into 40 sections based on equal fractional reductions in
the amplitude. Baseline variance (σB

2) was measured from
the post event current and subtracted from the variance
associated for each section. The relationship between peak

scaled variance σ2(t) and mean amplitude I(t) was fitted
with the following equation

σ2(t) = iI (t) − (I 2(t)/Nch) + σ2
B

where i is the weighted mean unitary current and N ch is
the number of channels open at the peak of the synaptic
current.

Evaluation of readily releasable pool size

We quantified the readily releasable pool (mature
and fusion-competent) using both hypertonic sucrose
application (Mozhayeva et al. 2002; Ashton & Ushkaryov,
2005) and cumulative evoked IPSC amplitude analysis
during repetitive stimulation (Schneggenburger et al.
1999). Alexa 488 (100 μM) was added to the intra-
cellular solution for visualization of dendrites. Hyper-
tonic aCSF (+0.3 M sucrose; 5 s duration), was applied
to the dendrites of the recorded cell via a puff electrode
positioned∼100 μm from the soma and∼50 μm from the
outer edge of the dendritic tree. For the cumulative IPSC
studies, a stimulating electrode (2nd patch pipette filled
with aCSF) was placed near the dendritic tree ∼50 μm
from the soma. Stimulus intensity was varied to achieve
minimal stimulation (activation of a single axon/cell).
Stimulation was accepted as minimal if (1) evoked IPSC
latency remained stable (< 20% variance), (2) lowering
stimulus intensity by 20% resulted in a complete failure
of evoked IPSCs, and (3) an increase in stimulus intensity
by 20% changed neither mean evoked IPSC amplitude
nor evoked IPSC shape. The stimulus intensity required
for minimal stimulation was 7–9 V and did not differ
between genotypes. The RRP size and probability of vesicle
release from the RRP were calculated by applying repetitive
stimuli (40 pulses at 20 Hz) and calculated as outlined in
the Results (Schneggenburger et al. 1999) (Fig. 8).

Dendritic spine/tree analysis

To correlate alterations in synaptic transmission with
potential changes in dendritic arborisation and dendritic
spine morphology, granule neurons were whole-cell
patch clamped using an internal solution containing
Alexa 488 (100 μM). Spontaneous EPSCs were recorded
and images of the same cell were obtained using an
upright Olympus FV1000 confocal microscope (Olympus
Keymed, Southend on Sea, UK). Images to study dendritic
arborisation were acquired with a Z resolution of 2 μm
and an X–Y resolution of 397 nm pixel−1. Dendritic
arborisation was assessed by Sholl analysis; concentric
rings were placed at 10 μm intervals, centred on the soma.
The complexity of the dendritic tree of each cell was
quantified by counting the number of intersections at each
ring (Sholl, 1953, 1956). Measurements of dendritic spine
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Figure 1. Dendritic arborisation and spine density is altered in
Ophn-1−/y neurons without alteration in firing characteristics
A, representative responses to a 300 pA depolarising current
injection in Ophn-1+/y (left panel) and Ophn-1−/y neurons (right
panel) (see also Table 1). Ba, representative images of dentate gyrus
granule neurons filled with Alexa 488 from Ophn-1+/y (left) and
Ophn-1−/y neurons (right); scale bars represent 20 μm. Bb, Sholl
analysis showed that dendritic arborisation was reduced in
Ophn-1−/y neurons (open circles). Bc, the number of branch points
(right panel) but not the total dendritic length (left panel) was
reduced in Ophn-1−/y neurons (∗∗P < 0.01). Ca, dendritic spines
were more sparse in Ophn-1−/y (lower panel) than Ophn-1+/y

(upper panel) neurons, resulting in a lower overall spine density (Cb),
which was largely due to a reduction in the density of ‘mushroom’
spines (upper right panel); the density of ‘stubby’ spines (lower left
panel) and filopodia (lower right panel) were unaffected (scale bars
represent 5 μm). ∗P < 0.05.

density and morphology were taken from unbranched
principle dendrites. Images for dendritic spine analysis
were acquired with a Z resolution of 0.2 μm and an X–Y
resolution of 66 nm pixel−1, and were modified using a
1 pixel wide Gaussian filter prior to analysis of spines.
Spines were counted in individual frames by manually
scrolling through the z-stacks. All protrusions extending
≥4 pixels (≥264 nm) laterally from the dendritic shaft
were measured and categorised according to their shape.
Protrusions with a prominent head (larger than neck) were
categorised as ‘mushroom’, those larger in the dimension
parallel to the dendrite were ‘stubby’ and those larger in
the dimension perpendicular to the dendritic spine were
‘filopodia’.

Values are expressed as means ± SEM. Curve fitting
and data analysis were performed in Origin 8 (Silverdale
Scientific, Stoke Mandeville, UK). Student’s unpaired t test
(with Bonferonni correction for multiple comparisons)
was used to evaluate differences between genotypes; a
Shapiro–Wilk tested normality. Paired pulse and repetitive
stimulation experiments (Fig. 6) were analysed using
ANOVA. The significance criterion was P < 0.05.

Results

Altered dendritic morphology in Ophn-1−/y neurons

Established theories on the aetiology of mental retardation
suggest that alterations in the dendritic architecture
and dendritic spine morphology are crucial cellular
mechanisms (Newey et al. 2005). We investigated the
relationship between granule cell intrinsic properties
and the presence of structural abnormalities such
as alterations in spine morphology using whole-cell
recordings combined with confocal microscopy. Granule
cells were filled with Alexa 488 to visualise the dendritic
tree and dendritic spines (Fig. 1). The firing characteristics
and intrinsic properties of Ophn-1−/y neurons did not
differ from Ophn-1+/y neurons (Fig. 1A, Table 1). In
contrast, Sholl analysis (Sholl, 1953, 1956) revealed that
the dendritic tree branched less in Ophn-1−/y neurons
than Ophn-1+/y neurons (Fig. 1B). This was confirmed by
the smaller number of branch points (Ophn-1−/y 7 ± 1,
Ophn-1+/y 10 ± 1 per cell; P = 0.01; Fig. 1Bc), but the
total dendritic length remained unaltered (Ophn-1−/y

840.0 ± 94.8 μm, 11 cells from 6 mice, Ophn-1+/y

1045.9 ± 89.8 μm, 11 cells from 7 mice; P = 0.13;
Fig. 1Bc).

Alterations in spine morphology have been associated
with perturbation in oligophrenin-1 function (Govek et al.
2004; Khelfaoui et al. 2007; Nadif Kasri et al. 2009). Our
measurements on intracellularly labelled neurons show
that Ophn-1−/y neurons had a lower overall spine density
than Ophn-1+/y neurons (Ophn-1−/y 0.31 ± 0.06 μm−1,
11 cells from 6 mice, Ophn-1+/y 0.68 ± 0.11 μm−1, 11 cells
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Table 1. Intrinsic properties of dentate gyrus granule neurons
are unaffected by Ophn-1 expression

Ophn-1+/y Ophn-1−/y P

Resting Membrane
Potential (mV)

−73.8 ± 2.4 −72.9 ± 1.9 0.81

Input resistance (M�) 351.3 ± 39.8 382.8 ± 62.2 0.75
Membrane

capacitance (pF)
93.3 ± 10.1 78.2 ± 6.6 0.27

Firing frequency (Hz) 56.3 ± 7 67.3 ± 9.5 0.39
Action potential

threshold (mV)
−37.3 ± 3.5 −41.4 ± 1.4 0.36

Action potential
half-width (ms)

1.55 ± 0.09 1.61 ± 0.08 0.68

Fast AHP (mV) −4.1 ± 1.8 −3.4 ± 1.5 0.81
Slow AHP (mV) −3.7 ± 0.8 −2.4 ± 0.6 0.23

Resting membrane potential was the average potential
recorded over 200 ms prior to a 200 ms, 300 pA current
injection. Membrane resistance was calculated using a 100 pA
hyperpolarising current injection. Membrane capacitance was
calculated from the input resistance and the time constant, as
Cm = τm/Rin.

from 4 mice; P = 0.02; Fig. 1C). The reduction in spine
density was primarily due to a reduction in the number of
mature ‘mushroom’ spines (Ophn-1−/y 0.07 ± 0.02 μm−1,
Ophn-1+/y 0.29 ± 0.07 μm−1; P = 0.02; Fig. 1Cb). The
absence of oligophrenin-1 did not alter the density
of filopodia (Ophn-1−/y 0.03 ± 0.01 μm−1, Ophn-1+/y

0.06 ± 0.01 μm−1; P = 0.1) or stubby spines (Ophn-1−/y

0.20 ± 0.05 μm−1, Ophn-1+/y 0.33 ± 0.05 μm−1;
P = 0.11) (Fig. 1Cb).

Excitatory neurotransmission is reduced in Ophn-1−/y

neurons

The lower density of dendritic spines in Ophn-1−/y,
and their primary role in excitatory neurotransmission,
led us to test for changes in EPSCs evoked by
stimulating the inner molecular layer. The maximum
evoked EPSC amplitude was smaller in Ophn-1−/y

neurons than in Ophn-1+/y neurons (374 ± 40 pA, 10
cells from 4 mice and 576 ± 85 pA, 9 cells from 4
mice, respectively; P = 0.04; Fig. 2A and B); neither
the slope (Ophn-1−/y 0.69 ± 0.1 pA V−1, Ophn-1+/y

0.76 ± 0.13 pA V−1, P = 0.69), nor the half-maximal
stimulus strength (Ophn-1−/y 3.9 ± 0.3 V, Ophn-1+/y

3.6 ± 0.4 V, P = 0.55) of the stimulus–response curve
was altered in Ophn-1−/y neurons (Fig. 2B). These
observations agree with a recent study on cultures
and brain slices in which oligophrenin-1 expression
had been reduced by RNAi (Nadif Kasri et al. 2009).
Here the frequency of spontaneous EPSCs in Ophn-1−/y

neurons was approximately half that in Ophn-1+/y

neurons (1.3 ± 0.7 Hz and 2.7 ± 0.6 Hz, respectively; 9
cells from 4 mice for both genotypes, P = 0.03; Fig. 2Ca
and Da), paralleling the smaller evoked EPSCs. The
amplitude of spontaneous EPSCs was unaffected in
Ophn-1−/y neurons (Ophn-1−/y 13.8 ± 0.6 pA, Ophn-1+/y

14.5 ± 1.0 pA; P = 0.51; Fig. 2Cb and Db).

Inhibitory synaptic transmission is reduced in
Ophn-1−/y mice

Previous work reported that miniature IPSCs are
unaffected by siRNA knockdown of oligophrenin-1 in
organotypic hippocampal slices (Nadif Kasri et al. 2009).
Nevertheless we measured IPSCs in acute hippocampal
slices from Ophn-1−/y mice. Maximal evoked IPSCs
were significantly smaller in Ophn-1−/y neurons than
Ophn-1+/y neurons (381 ± 80 pA, 10 cells from 4 mice
and 908 ± 117 pA, 20 cells from 9 mice, respectively;

Figure 2. Excitatory neurotransmission onto dentate gyrus
granule cells is reduced in Ophn-1−/y neurons
A, evoked EPSCs were smaller in Ophn-1−/y than Ophn-1+/y

neurons. Normalisation (right panel) of the Ophn-1−/y EPSC (grey
trace) revealed that the kinetics of the EPSCs were unaltered by
genotype. B, input–output relationships of EPSCs were fitted by a
Boltzmann function, which showed that the maximal amplitude was
smaller in Ophn-1−/y neurons (open circles) than in Ophn-1+/y

neurons (filled circles). Other fit parameters did not differ between
genotypes. Ca, spontaneous EPSCs were less frequent in Ophn-1−/y

(lower trace) than Ophn-1+/y (upper trace) neurons. The kinetics and
amplitudes of spontaneous EPSCs did not differ between the
genotypes (Cb). Da, cumulative probability plots showed that
spontaneous events in Ophn-1−/y neurons shifted to longer
interevent intervals (IEIs)/lower frequencies (IEI:Ophn-1−/y dotted
line, Ophn-1+/y continuous line); mean IEI (inset) was longer in
Ophn-1−/y neurons (∗P < 0.05). Db, cumulative probability plot and
mean amplitude (inset) of spontaneous EPSCs were unaltered.
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P = 0.02; Fig. 3A and B); neither the slope (Ophn-1−/y

3.5 ± 1.5 pA V−1, Ophn-1+/y 3.0 ± 0.6 pA V−1, P = 0.43),
nor the half-maximal stimulus strength (Ophn-1−/y

15.6 ± 2.3 V, Ophn-1+/y 18.2 ± 1.6 V, P = 0.4) of the
stimulus–response curve was altered in Ophn-1−/y

neurons (Fig. 3B). The frequency of spontaneous IPSCs
was lower in Ophn-1−/y neurons than Ophn-1+/y neurons
(4.4 ± 0.5 Hz, 12 cells from 5 mice and 7.2 ± 0.8 Hz,
19 cells from 9 mice, respectively; P = 0.02; Fig. 3Ca
and Da), consistent with the smaller evoked IPSCs.
The amplitude of spontaneous IPSCs was unaffected in
Ophn-1−/y neurons (Ophn-1−/y 42.8 ± 2.2 pA, 12 cells
from 5 mice, Ophn-1+/y 41.8 ± 2.1 pA, 19 cells from 9
mice; P = 0.39; Fig. 3Cb and Db).

The reduction of spontaneous IPSC frequency without
alteration of amplitude suggested that the reduced
inhibition is due to either a change in presynaptic
function or loss of synapses. To test further whether or

Figure 3. Inhibitory neurotransmission onto dentate gyrus
granule cells is reduced in Ophn-1−/y neurons
A, evoked IPSCs were smaller in Ophn-1−/y than Ophn-1+/y

neurons. Normalisation (right panel) of the Ophn-1−/y IPSC (grey
trace) revealed that the kinetics of the IPSCs were unaltered by
genotype. B, input–output relationships of IPSCs were fitted by a
Boltzmann function, which showed that the maximal amplitude was
smaller in Ophn-1−/y neurons (open circles) than in Ophn-1+/y

neurons (filled circles). Other fit parameters did not differ between
genotypes. Ca, spontaneous IPSCs were less frequent in Ophn-1−/y

(lower trace) than Ophn-1+/y (upper trace) neurons. The kinetics and
amplitudes of spontaneous IPSCs did not differ between the
genotypes (Cb). Da, cumulative probability plots showed that
spontaneous events in Ophn-1−/y neurons shifted to longer
interevent intervals (IEIs)/lower frequencies (IEI: Ophn-1−/y dotted
line, Ophn-1+/y continuous line); mean IEI (inset) was longer in
Ophn-1−/y neurons (∗P < 0.05). Db, cumulative probability plot and
mean amplitude (inset) of spontaneous IPSCs were unaltered.

not postsynaptic abnormalities (in unitary conductance
or receptor density) could account for the observed
reductions, we performed peak-scaled variance analysis
(PSVA) of miniature IPSCs, which allows an estimate
of unitary current carried by postsynaptic channels
(Traynelis et al. 1993). Superfusion of tetrodotoxin
(TTX; 1 μM) blocked spontaneous action potential
firing and revealed the miniature IPSCs (Fig. 4A). In
contrast to spontaneous events, the frequency of mini-
ature IPSCs was not significantly different between
Ophn-1−/y and Ophn-1+/y neurons (3.2 ± 0.4 Hz, 9
cells from 5 mice, 4.0 ± 0.6 Hz, 14 cells from 9 mice,
respectively; P = 0.28). The miniature amplitude was
also unaffected (Ophn-1−/y 42.3 ± 2.7 pA, Ophn-1+/y

41.9 ± 2.1 pA; P = 0.92). The procedure for estimating
unitary conductance is illustrated in Fig. 4B and C.
The relationship between mean current and peak-scaled
variance was best described by similar parabolic functions
in Ophn-1+/y and Ophn-1−/y neurons. The weighted
single channel current (obtained from the initial slope
of the parabola) was not different between genotypes
(Ophn-1+/y 2.0 ± 0.2 pA, 8 cells from 5 mice, Ophn-1−/y

1.8 ± 0.1 pA, 7 cells from 4 mice; P = 0.39), corresponding
to a GABAA receptor conductance of 29.3 ± 2.8 pS and
25.8 ± 1.8 pS, respectively (Fig. 4Cb). The alteration in
evoked IPSC amplitude cannot therefore be explained by
alterations in GABAA receptor conductance. Furthermore
it cannot be explained by alterations in receptor density or
quantal content because the miniature IPSC amplitude
was unaltered, confirming a presynaptic locus for the
reduced inhibitory neurotransmission.

We tested the hypothesis that presynaptic alterations
in Ca2+ sensitivity of release (Littleton et al. 1994) could
explain the observed phenotype by correlating evoked
IPSC amplitude with the external Ca2+ concentration
([Ca2+]o) (Fig. 5). Evoked IPSCs depend strongly on
[Ca2+]o, an effect that saturated at ∼5 mM (Fig. 5A). The
maximal amplitude was smaller in Ophn-1−/y than in
Ophn-1+/y neurons (193 ± 69 pA, 4 cells from 2 mice,
483 ± 85, 6 cells from 3 mice), without altering the
Hill coefficient (3.3 ± 0.7 and 3.7 ± 0.8, respectively)
or K d (1.6 ± 0.3 mM and 1.3 ± 0.2 mM, respectively).
The ratio of IPSCs between Ophn-1−/y and Ophn-1+/y

was independent of [Ca2+]o (Fig. 5B). We conclude
that the observed reduction in neurotransmission in
Ophn-1−/y neurons cannot be explained by an altered Ca2+

dependence of the release process.
Oligophrenin-1 has been implicated in the regulation

of synaptic vesicle availability at excitatory synapses
(Nakano-Kobayashi et al. 2009). We therefore tested
whether alterations in the rapid dynamics of synaptic
plasticity could explain the reduced inhibitory neuro-
transmission using paired stimuli and repetitive high
frequency stimuli. In response to paired stimuli, IPSCs
in Ophn-1−/y neurons were significantly more depressed
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than in Ophn-1+/y neurons (P < 0.001, ANOVA; Fig. 6A).
In Ophn-1+/y neurons, repetitive high frequency stimuli
(50 Hz) resulted in facilitation of the IPSCs, achieving a
steady level within 10 stimuli (179 ± 5%, 11 cells from
7 mice; Fig. 6Ba and b). In contrast, IPSC facilitation
was absent in Ophn-1−/y neurons (114 ± 18%, 9 cells
from 5 mice; P = 0.002; Fig. 6Bb). Facilitation was
also significantly weaker in Ophn-1−/y neurons at all
frequencies tested (P < 0.005 GLM; Fig. 6Bc).

Altered vesicle dynamics in Ophn-1−/y neurons

Having demonstrated the synaptic deficit in Ophn-1−/y

animals can be attributed to a presynaptic malfunction,
we examined its origin in more detail. We tested
the hypothesis that these synaptic deficits result from
depletion of the readily releasable pool (RRP) of
vesicles (Neher, 1998). We used two approaches to

examine the functional state of the RRP in Ophn-1+/y

and Ophn-1−/y synapses: hypertonic sucrose application
(Mozhayeva et al. 2002; Ashton & Ushkaryov, 2005) and
high-frequency minimal stimulation (Schneggenburger
et al. 1999; Wesseling & Lo, 2002). Pressure ejection
of hyperosmotic sucrose solution increased spontaneous
IPSC frequency and shifted the holding current (Fig. 7A).
The RRP was significantly smaller in Ophn-1−/y neurons
than in Ophn-1+/y neurons (433 ± 135, 7 cells from
4 mice and 1091 ± 227 pC, 5 cells from 3 mice,
respectively; P = 0.02; Fig. 7B). The high-frequency
minimal stimulation protocol can be used to estimate
the RRP for single axons/synapses (Kirmse & Kirischuk,
2006a; Wesseling & Lo, 2002). A minimal stimulus was
defined as the smallest stimulus that would evoke an all
or nothing IPSC. This approach uses the depression of
averaged IPSC amplitude during high frequency stimulus
trains (here 40 stimuli at 20 Hz, averages of 5 repeats;

Figure 4. Peak-scaled noise analysis of
miniature IPSCs revealed no difference in
GABAA unitary current in Ophn-1−/y

neurons
Superfusion of tetrodotoxin (1 μM) reduced the
frequency of spontaneous IPSCs in Ophn-1+/y

(Aa upper traces and Ab), but not Ophn1−/y

neurons (Aa lower traces and Ab). B, protocol
for peak-scaled noise analysis of miniature
IPSCs. Ba, consecutive miniature recordings
used to select events without double peaks or
anomalous noise. Bb, 91 superimposed mIPSCs,
selected as shown in Ba. Bc, mean waveform of
selected events; d, a mIPSC superimposed on
the scaled mean waveform; e, difference
between the scaled mean waveform and the
individual mIPSC; f , σ 2 calculated by summing
the squares of the difference traces divided by
N – 1. Ca, relationship between mean current
and peak-scaled variance obtained from
Ophn-1+/y (filled circles) and Ophn-1−/y

neurons (open circles). b, mean unitary currents
in Ophn-1+/y and Ophn-1−/y neurons.
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Fig. 8A) to estimate the number of readily releasable
vesicles. Additionally, the recovery following depletion of
the RRP gives an estimate of the rate of replenishment
of vesicles from the reserve pool (Fig. 8C) (Kirischuk
& Grantyn, 2000; Kirmse & Kirischuk, 2006a). These
two phases were resolved by plotting cumulative IPSC
amplitude: the initial rapid increase reflects release of
vesicles from the RRP, and the second slow linear rise
reflects a steady state release due to vesicle replenishment
(Fig. 8Ab). The size of the RRP was obtained by
extrapolating the linear component (between 1 and 2 s)
back to time zero, designated RRPsyn (Schneggenburger
et al. 1999). The estimate of RRP was unaffected by fitting
shorter segments of data ending at 2 s, demonstrating that
the period 1–2 s was steady state (data not shown). The
RRPsyn was significantly smaller in Ophn-1−/y neurons
than in Ophn-1+/y neurons (221 ± 35 pA and 354 ± 46,
respectively, 9 cells from 7 mice for both genotypes;
P = 0.04; Fig. 8Ab and Ba), corresponding to a smaller
number of vesicles in the RRP (5 ± 1 and 8 ± 1,
respectively; P = 0.04; Fig. 8Bc). The number of vesicles
in the RRP at single synapses in Ophn-1+/y neurons
agrees with previous estimates for central GABAergic
synapses (Kirmse & Kirischuk, 2006b). The reduction in
RRP did not alter the mean amplitude of the first IPSC
(Ophn-1−/y 77.3 ± 7.6 pA and Ophn-1+/y 75.4 ± 16.3 pA,
P = 0.86; Fig. 8Bi), which means that the probability of
releasing single vesicles from the RRP (Pves, calculated
as I1/RRPsyn) was significantly greater in Ophn-1−/y

neurons (0.39 ± 0.04 vs. 0.20 ± 0.02, P < 0.001; Fig. 8Bb).
The reduction in RRP size without change in the first
IPSC amplitude shows that Ophn-1−/y synapses can
function normally in response to minimal stimulation
paradigms, but fail in response to higher stimulation
frequencies/intensities. This inability of synapses to

sustain inhibition during rhythmic activity may be one of
the key mechanisms responsible for the learning disability
in these mice (Khelfaoui et al. 2007).

As oligophrenin-1 has been implicated in the control
of endocytosis (Khelfaoui et al. 2009; Nakano-Kobayashi
et al. 2009), we examined whether changes in
vesicle recycling dynamics could explain Ophn-1−/y

neurons having fewer vesicles in their RRPs. This
was tested in two ways. Firstly, the slope of
the slow linear rise of the cumulative IPSC
amplitude plot reflects vesicle replenishment after
RRP depletion. Vesicle replenishment was slower in
Ophn-1−/y synapses than Ophn-1+/y synapses (Ophn-1−/y,
7.4 ± 1.2 pA s−1, Ophn-1+/y 18.7 ± 4.6 pA s−1, P = 0.04;
Fig. 8Ab). Secondly, after RRP depletion, a further
stimulus tested RRP replenishment (Kirmse & Kirischuk,
2006b) (Fig. 8C). In Ophn-1+/y neurons, the RRP was
completely restored within 5 s (RRPrefill, 0.96 ± 0.12),
while in Ophn-1−/y neurons the RRP was not completely
restored after 15 s (RRPrefill 0.84 ± 0.06; P = 0.03;
Fig. 8Cb), showing that Ophn-1−/y synapses have impaired
vesicle recycling dynamics.

Rescue of synaptic deficits in Ophn-1−/y

Oligophrenin-1 negatively modulates Rho-A signalling
(Fauchereau et al. 2003): we examined the downstream
effectors likely to be instrumental in the altered vesicle
dynamics, in particular Rho-kinase (ROCK) (Newey
et al. 2005). Prolonged inhibition of ROCK by Y-27632
(over 48 h) reversed dendritic abnormalities caused by
Ophn-1 silencing (Govek et al. 2004). Here, 20 min
of bath application of Y-27632 (10 μM) increased
both the amplitude of evoked IPSCs (Ophn-1−/y,

Figure 5. Ca2+ dependence of GABAergic
transmission is unaltered in Ophn-1−/y

neurons
A, mean evoked IPSC vs. [Ca2+]o fitted with a
Hill equation: I = Imax[Ca2+]n/([Ca2+]n + Kd).
Evoked IPSCs were smaller in Ophn-1−/y

neurons, without alteration in the Hill
coefficient (n) or Kd. B, percentage decrease in
evoked IPSCs in Ophn-1−/y neurons remained
constant at different [Ca2+]o levels relative to
evoked IPSCs recorded from Ophn-1+/y

neurons. C, representative evoked IPSCs
recorded in the presence of different [Ca2+]o.
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161 ± 33 pA, 6 cells from 3 mice; Ophn-1−/y + Y-27632,
475.4 ± 120.9 pA, 6 cells from 3 mice; P = 0.02; Fig. 9B)
and the frequency of spontaneous IPSCs (Ophn-1−/y,
2.62 ± 0.48 Hz, 7 cells from 3 mice; Ophn-1−/y +
Y-27632, 5.75 ± 0.88 Hz, 6 cells from 3 mice; P = 0.008;
Fig. 9A). Y-27632 also reversed the reduction in the RRP
(Ophn-1−/y, 5 ± 1, 7 cells from 3 mice; Ophn-1−/y +
Y-27632, 10 ± 1, 6 cells from 3 mice; P = 0.005; Fig. 9C)
and the impaired vesicle replenishment (Ophn-1−/y,
0.48 ± 0.06, 7 cells from 3 mice; Ophn-1−/y + Y-27632,
0.91 ± 0.06, 6 cells from 3 mice; P = 0.0005; Fig. 9D).
Ophn-1+/y synaptic responses were unaffected by Y-27632
(Fig. 9A–D).

As the deficit in inhibitory transmission was acutely
reversed by Y-27632, we hypothesised that the alteration in
excitatory neurotransmission would be similarly rescued

Figure 6. Responses to repetitive stimulation are reduced in
Ophn-1−/y neurons
Aa, single-sweep recordings of double-pulse stimulation at stimuli
that evoked 30% of the maximal IPSC when delivered singly, at
intervals of 20 and 200 ms. Ab, the conditioned IPSC was isolated by
digitally subtracting a single IPSC. The charge carried by the 2nd
IPSC (normalized to the charge of the 1st IPSC) is plotted against
paired pulse intervals for 6 Ophn-1−/y (open circles) and 8
Ophn-1+/y neurons (filled circles). Paired-pulse depression was
greater in Ophn-1−/y neurons. Ba, representative traces illustrating
IPSC summation in response to 10 stimuli delivered at 50 Hz. The
responses to 1st stimuli were normalized. Ophn-1−/y IPSCs (grey
trace) showed less summation. Bb, IPSC amplitude plotted against
stimulus number for 50 Hz trains in Ophn-1+/y (filled circles, n = 11)
and Ophn-1−/y neurons (open circles, n = 9). Bc, maximal IPSC
amplitude (mean of the last 5 stimuli) plotted against stimulus
frequency (same cells as Ba).

and this would be correlated with changes in spine
density. Similar to GABAergic transmission, superfusion
of Y-27632 (10 μM, 20 min) increased the frequency of
spontaneous EPSCs in Ophn-1−/y neurons (Ophn-1−/y,
0.82 ± 0.14 Hz, 11 cells from 3 mice; Ophn-1−/y +
Y-27632, 1.83 ± 0.47 Hz, 6 cells from 3 mice; P = 0.02),
but did not alter spontaneous EPSC frequency in
Ophn-1+/y neurons (Ophn-1+/y, 1.53 ± 0.18 Hz, 11 cells
from 5 mice; Ophn-1+/y + Y-27632, 1.52 ± 0.44 Hz,
5 cells from 3 mice; P = 0.97; data not shown). The
reversal of spontaneous EPSC frequency by ROCK
inhibition was not associated with any change in dendritic
spine density (Ophn-1+/y 0.66 ± 0.15 μm−1, 5 cells
from 3 mice, Ophn-1+/y+Y-27632, 0.58 ± 0.06 μm−1,
Ophn-1−/y 0.37 ± 0.04 μm−1, 7 cells from 4 mice,
Ophn-1−/y+Y-27632, 0.31 ± 0.06 μm−1, 6 cells from 4
mice).

Discussion

The aetiology and pathophysiology of intellectual
disability are poorly understood, but mutations in single
genes that result in cognitive deficits provide an excellent
opportunity to discover underlying causes. Mutation of
the OPHN1 gene in humans produces a non-specific
X-linked mental retardation (Billuart et al. 1998). Reduced
expression of oligophrenin-1, the protein encoded by
Ophn-1, results in altered dendritic spine morphology
(Govek et al. 2004; Khelfaoui et al. 2007) and learning
impairments in mice (Khelfaoui et al. 2007).

Figure 7. Application of hypertonic sucrose reveals a smaller
readily releasable pool in Ophn-1−/y neurons
A, representative traces of responses to sucrose solution from
Ophn-1+/y (upper panel) and Ophn-1−/y neurons (lower panel).
Under normal conditions (left panel) spontaneous IPSCs were
observed, but at a lower frequency in Ophn-1−/y neurons.
Application of sucrose (5 s) to the dendrites of granule cells
increased the frequency of spontaneous IPSCs and increased holding
current (centre panel), which reversed on wash (right panel). B, RRP
size was estimated from the charge transfer in response to sucrose
divided by the mean charge of miniature IPSCs recorded in the
presence of 1 μM TTX. RRP is smaller in Ophn-1−/y neurons (open
bars). ∗P < 0.05.
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Alterations in oligophrenin-1 expression result in
multiple deficits that depend on oligophrenin-1 being
expressed in both the pre- and postsynaptic terminals.
Here we found Ophn-1−/y mice had disrupted dendritic
spines, attributable to the loss of postsynaptic Ophn-1, and
consistent with previous reports on spine morphology
in Ophn-1−/y mice (Khelfaoui et al. 2007) and Ophn-1
knockdown by siRNA (Govek et al. 2004). Other post-
synaptic actions include stabilisation of AMPA receptors
(Nadif Kasri et al. 2009) and our previous report of the
maintenance of LTD (Khelfaoui et al. 2009). Our main
focus here was on the presynaptic consequences of Ophn-1
loss. We found impairments of evoked and spontaneous
EPSCs (consistent with previous work on knockdown in

Figure 8. Smaller RRP and altered vesicle recruitment in
Ophn-1−/y neurons
Averaged trains of evoked IPSCs recorded during a 20 Hz train of
stimuli in an Ophn-1+/y (Aa, upper trace) and Ophn-1−/y neuron
(lower trace). The traces are averages of 5 sweeps. Ab, the
corresponding cumulative eIPSC amplitude plot (Ophn-1+/y , filled
circles; Ophn-1−/y, open circles). Data between 1 and 2 s were fitted
by linear regression and back-extrapolated to time 0 to estimate the
RRP size (Ab and Ba). Ba, the mean amplitude of IPSC1 was
unaltered in Ophn-1−/y neurons. Bb, mean Pves was increased in
Ophn-1−/y neurons, whilst the mean number of vesicles forming the
RRPsyn was reduced (Bc). Ca, protocol for assessing vesicle recycling.
The readily releasable pool was depleted by 40 minimal stimuli at
20 Hz; after depletion, RRP replenishment was assessed by a further
stimulus (IPSCR), �t seconds after the stimulus train. Vesicle
recruitment (IPSCR normalised to IPSC1, Cb) is reduced in Ophn-1−/y

neurons. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.

slice culture – Nakano-Koboyashi et al. 2009). The crucial
finding is that IPSCs are also impaired, with a reduced RRP
preventing repetitive release, which is important because
of the role of repetitive firing of interneurons during
physiological oscillations (Bartos et al. 2007).

Presynaptic mechanism of oligophrenin-1

The presynaptic function of oligophrenin-1 was as a
modulator of synaptic vesicle availability and regulator
of vesicle pool dynamics. Synaptic vesicles within the pre-
synaptic terminal are organized in tightly regulated pools,
from slowly accessible reserve pools to the RRP from
which vesicle fusion occurs (Schweizer & Ryan, 2006).
As the functional state of the RRP is a critical regulator
of release probability and synaptic depression (Srinivasan
et al. 2008; von Gersdorff et al. 1997; Wu & Betz, 1998),
alterations in RRP dynamics may provide a mechanism
for the behavioural phenotypes observed in Ophn-1 mice.

Figure 9. ROCK inhibitor, Y-27632, reversed the synaptic
deficits in Ophn-1−/y neurons
Y-27632 reversed: the reduced sIPSC frequency (A), eIPSC amplitude
(B), RRP size (C) and vesicle availability (D), in Ophn-1−/y neurons
(light grey traces and columns). Y-27632 did not affect Ophn-1+/y

responses (dark grey columns). Y-27632 (10 μM) was applied 10–20
min before whole cell recording and applied continually throughout
the recording. ∗P < 0.05, ∗∗∗P < 0.001.
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The present study cannot distinguish whether the
changes in RRP and vesicle availability are due to
reduced endocytosis or vesicle recycling, but the
most likely explanation is that oligophrenin-1 alters
clathrin-mediated endocytosis (Granseth et al. 2007),
which is impaired in Ophn-1−/y mice (Khelfaoui et al.
2009; Nakano-Kobayashi et al. 2009). Two possible
mechanisms exist for modulation of endocytosis by
oligophrenin-1; either through a direct interaction with
endocytic proteins such as endophilin 1 and amphiphysin
II (Khelfaoui et al. 2009; Nakano-Kobayashi et al. 2009),
or by a ROCK-dependent signalling cascade. Here, we
show that all of the effects of Ophn-1 deletion on
synaptic function can be rapidly reversed by inhibition of
ROCK-dependent signalling (Fig. 9). Therefore, although
previously reports have demonstrated that oligophrenin-1
directly interacts with endophilin-1 via its third proline
rich domain (Khelfaoui et al. 2009; Nakano-Kobayashi
et al. 2009), it is unlikely that this interaction alone
is sufficient to mediate the effect on synaptic vesicle
availability. The complete reversibility of the presynaptic
dysfunction is in agreement with postsynaptic phenomena
in the study of Khelfaoui et al. (2009), who showed that in
Ophn-1 knockout cells overactivation of the RhoA/ROCK
signalling pathway resulted in reduced receptor end-
ocytosis and altered expression of LTD.

The change in synaptic vesicle availability predicts
impairment of processes dependent on prolonged synaptic
transmission, such as long term potentiation (LTP).
Evidence on the role of Ophn-1 in LTP appears
inconsistent; Khelfaoui et al. (2007) reported that LTP
induced by tetanic stimulation was unaffected in
Ophn-1−/y neurons. In contrast, Nadif Kasri et al. (2009)
demonstrate that LTP induced by 3 Hz stimulation and
postsynaptic depolarisation is weakened in CA1 neurons
where Ophn-1 expression was reduced by RNAi. This
discrepancy may result from the method of LTP induction,
as has been demonstrated for induction of LTD in
Ophn-1−/y mice (Khelfaoui et al. 2007, 2009), but may
also be complicated by changes in RRP size that can be
caused by LTP protocols (Stanton et al. 2005).

Changes in cell morphology

In addition to changes in presynaptic function, we report
that Ophn-1−/y mice also change in dendritic morphology
and spine density, presumably as a result of the post-
synaptic role of oligophrenin-1 in the modulation of actin
dynamics (Govek et al. 2004). What effect does the reduced
arborisation have on granule cell function? Targeted
acute dendrotomy of cortical neurons has demonstrated
that reduced dendritic arborisation increases neuronal
firing rates (Bekkers & Hausser, 2007). We found that

the intrinsic properties were unchanged in Ophn-1−/y

neurons, which may be explained by the lack of change
in the overall dendritic length and the minor changes in
branching patterns in the same neurons.

The difference in branching may be expected to have
some impact on the attenuation of synaptic currents,
but no such changes were found in Ophn-1−/y neurons
(Figs 2A and 3A): either any effect was below statistical
noise, or the rather strong attenuation of distal excitatory
inputs recently reported for granule cells (Krueppel et al.,
2011) may mean our results are dominated by proximal
synapses. Similar to previous reports (Govek et al. 2004;
Khelfaoui et al. 2007), dendritic spine morphology was
altered in Ophn-1−/y neurons, with the major abnormality
being a reduced density of mature mushroom spines,
whilst the density of the more immature stubby spines
and filopodia were unaffected. The observation that the
excitatory synaptic phenotype was reversed independently
of the altered spine morphology was unexpected as
dendritic spines are the major site of excitatory trans-
mission. This discrepancy may be explained by the
hypothesis that in Ophn-1−/y neurons, a large proportion
of synapses are directly onto the dendritic shaft (Khelfaoui
et al. 2007). The erosion of cortical structures that is
observed in older mice (Khelfaoui et al. 2007) suggest
that morphological changes will become more important
in later stages of the condition, but are modest or
non-existent in the initial stages, which are the subject
of this study. A detailed developmental study will be
required to fully understand the relative contributions of
the changes in synaptic transmission and altered dendritic
morphology to the aetiology of the disease.

The role of synaptic activity in the regulation and
stabilisation of dendritic spines is becoming clearer
(Mantyh et al. 1995; Okamoto et al. 2004). Interestingly,
spontaneous synaptic activity has been demonstrated to
maintain spine stability (McKinney et al. 1999), which is
thought to contribute to learning and memory (Yuste
& Bonhoeffer, 2001). Therefore, presynaptic deficit and
associated reduced synaptic activity in Ophn-1−/y mice
may result in decreased spine density. It has been shown
previously that dendritic spine abnormalities associated
with reduced oligophrenin-1 expression in neuronal
cultures can be reversed by Y-27632 inhibition of the
Rho signalling cascade (Govek et al. 2004). In contrast
to the rapid reversibility of the physiological synaptic
phenotype in this study, Govek et al. used prolonged
inhibition of Y-27632 (>48 h) to reverse changes in the
dendritic phenotype. In contrast, our study showed rapid
reversibility of the synaptic phenotype without requiring
reversal of dendritic spine density and dendritic tree
abnormalities. This strongly suggests that the presynaptic
phenotype cannot be explained by changes in synapse
number.
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Treatment implications

The treatment of intellectual disability is largely based
on special education, because pharmacotherapy is
lacking. Recent evidence suggests that some phenotypes
associated with learning disabilities can be reversed,
through both genetic mechanisms (Guy et al. 2007)
and pharmacotherapy (Dolen et al. 2007). At present,
whether these provide a realistic opportunity for treatment
remains unclear. Y-27632 reversed the synaptic deficits
observed in Ophn-1−/y neurons and, on a slower time
scale, also changes in dendritic structure (Govek et al.
2004), suggesting that interference with the downstream
signalling pathways may provide a potential therapeutic
intervention for intellectual disability. Early treatment
would be beneficial to avoid the development of structural
changes. Another positive feature of this treatment is that
it had no effect on wild-type neurons in this study, and
similar Rho-kinase inhibitors have proved well tolerated
in clinical trials for vascular disorders (Shimokawa &
Takeshita, 2005) and subarachnoid haemorrhage (Zhao
et al. 2011).

Here we demonstrate that in the hippocampus,
oligophrenin-1 null mice show a multifaceted deficit
attributed to changes in both the pre- and post-
synaptic terminals. The postsynaptic effect was manifested
as a change in dendritic spine density and dendritic
morphology. The presynaptic deficit could be explained by
changes in the number of vesicles in the readily releasable
pool and secretory vesicle availability. The impaired RRP
dynamics in inhibitory synapses which prevents repetitive
release is important because of the role of repetitive firing
of interneurons during physiological oscillations.
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